Abstract-This paper proposes a method to obtain the rotor position of switched reluctance motors (SRMs) by means of voltage measurements. It is shown that the combination of a motor and a power-electronic converter defines a resonant circuit, comprising the motor phase inductances and the parasitic capacitance of converter switches, power cables, and motor phase windings. For salient machines, in general, the associated resonance frequency of the circuit depends on the rotor position. In the position-estimation method, an initial voltage distribution is imposed over the impedances of the resonant circuit after which the circuit is let to oscillate freely. During this phase of free oscillation, the induced voltage over a phase winding exhibits a damped oscillatory behavior, from which position information can be retrieved. An overview is given of the different possibilities to trigger the voltage resonance. It is shown that the proposed position-estimation method has favorable characteristics such as measurement of largeamplitude voltages, robustness against temperature deviations of motor and power semiconductors, very high update rates for the estimated position, and absence of sound and disturbance torque. Experimental results are given for a sensorless commutation scheme of an SRM under small load.
Rotor-Position Estimation of Switched Reluctance
Motors Based on Damped Voltage Resonance sured under normal operation, or high-frequency distortions can be intentionally superposed on the normal current waveforms [1] . The drawback is that the di/dt is determined by the incremental inductance, which typically decreases at high loads due to saturation or cross-saturation of the magnetic core. This results in a reduced saliency and reduced position-estimation accuracy [3] . Alternatively, if normal motor operation allows periods of zero current in a phase, voltage test pulses can be applied to this idle phase [4] , [5] . This method can give reliable position information, but at the cost of additional torque ripple.
Another class of position-sensorless strategies uses flux estimators, for example, by integration of the estimated induced voltage. Provided an online stator-resistance estimator (e.g., as described in [6] ) is provided, these strategies show good performance at medium to high speeds, but very poor performance at low speeds, due to integration of small errors over a relatively long time [7] , [8] . At standstill, no position estimation is possible. Direct torque-control strategies [9] are also based on flux estimation.
Another strategy is based on excitation of motor phases with a high-frequency small-amplitude sinusoidal signal. In one case, a pulsewidth modulation (PWM)-generated sinusoidal voltage can be superposed on the active phase-voltage waveform [10] . This leads to a position-dependent modulation of the phase current. In a second case, external hardware can be used to generate a sinusoidal voltage which is injected into a resonant circuit comprising an idle motor phase and an external capacitor [11] , [12] . The inductance or position estimation relies on the measurement of position-modulated currents or voltages. The drawback of these methods is the need for extra hardware to create a sustained oscillation.
There is also a class of methods that uses observers for position or speed tracking. One example of these methods is given by [13] . Generally, a good estimation of motor parameters such as stator resistance and machine-load inertia is required to obtain good tracking behavior.
This paper presents a position-estimation method for salient machines based on the measurement of voltage resonance in an idle phase. The resonance originates from the energy exchange between the inductance and parasitic capacitances of the motor-converter combination. Different methods to trigger the position-dependent resonance are discussed. It is shown that the position information can be retrieved from a largeamplitude signal without generating a disturbance torque.
Although the theory is applicable to salient machines which have phases that exhibit periods of zero current [14] , this paper 0278-0046/$26.00 © 2010 IEEE will discuss the method for one class of these machines, namely, switched reluctance motors (SRMs). Experimental results are presented for a 6 × 4 switched reluctance machine. The position-estimation method is described in detail for low-load conditions. Research on how to extend the method for motors under large load is ongoing and is not covered in this paper. Fig. 1 shows a configuration comprising an asymmetric H-bridge of a switched reluctance drive converter and a motor phase. This configuration will be used to derive a resonantcircuit model, although other types of converters and other devices than insulated-gate bipolar transistors (IGBTs) could be considered.
II. RESONANT-CIRCUIT MODEL
It is assumed here that the IGBTs and freewheeling diodes are blocked, which means that the behavior of these devices is mainly determined by a parasitic capacitance. The physical origin of this capacitance lies in the depletion layer, which is essentially an isolating layer between the conducting doped regions of the semiconductor devices. The capacitances C i and C d for the IGBTs and diodes, respectively, are indicated in the parasitic model of Fig. 2 . This model also shows the busbar capacitance C b , the capacitance C c of the power cable between the H-bridge and motor phase, and the parasitic capacitance C w of the motor phase winding. The latter is a discrete equivalent for the distributed interturn capacitances of the winding. The impedance Z w represents the phasewinding impedance without the contribution of the parasitic capacitance C w .
In the frequency domain, the impedance Z w depends not only on the rotor position θ but also on the frequency ω, due to induced eddy currents and hysteresis in the magnetic circuit. The impedance Z w can be measured [15] , or it can be obtained by means of a static finite-element calculation, in which the permeability μ of the magnetic core is replaced by a complex permeability μ c [16] , [17] , given by
In (1), s stands for the Laplace operator, d is the thickness of a magnetic sheet in the laminated core, and σ is the specific conductivity of the core material. For a given frequency ω, the wide frequency permeability model (1) can be evaluated in s = jω, and the resulting phase impedance Z w (θ, jω) can be calculated. The real and imaginary parts of the admittance Y w = 1/Z w can be associated with an inductance L w and an eddy-current-loss resistance R w , respectively, as shown in Fig. 2 .
The permeability model (1) can be modified to take into account hysteresis losses as well [16] , [17] . The model has been experimentally validated on a 6 × 4 SRM [18] . It was concluded that an increasing frequency leads to a decrease in the phase-winding inductance and an increase in the losses. The inductance decrease is most pronounced when the rotor is in the aligned position with respect to the excited stator phase.
We will assume here that the parasitic capacitances C i and C d of the semiconductor devices are constant. This is a strong simplification, as both capacitances show a strong nonlinear dependence on the voltage across them. With the constantcapacitance assumption, the combined motor-converter circuit reduces to the equivalent parallel LRC circuit of Fig. 3 , with an equivalent capacitance C eq given by
In the derivation of the equivalent-circuit capacitance C eq , we have assumed that the busbar capacitance C b is at least a factor of 100 larger than the parasitic capacitances C i and C d . This is a realistic assumption: the busbar capacitor is typically quite large, as it has the function of an energy buffer, in order to limit busbar voltage fluctuations. If the frequency is large enough, the busbar impedance Z b = 1/(jωC b ) is approximately a short circuit and therefore decouples the different phases at the converter side.
The circuit of Fig. 3 has an undamped resonance frequency ω res given by
As can be seen from (3), ω res depends on the rotor position. The undamped resonance frequency will reach a maximum value for the unaligned rotor position and a minimum value for the aligned rotor position.
III. RESONANCE TRIGGERS
In the previous section, it was discussed that the motor-converter system defines a circuit which has a positiondependent resonance frequency. In order to observe a resonance, an initial voltage and/or current distribution has to be realized after which the circuit is let to oscillate freely, thereby exchanging energy between its capacitive and inductive elements. The process of setting these initial conditions in the resonant circuit will be defined as a resonance trigger.
There are several ways by which a resonance can be triggered in the motor-converter system. All of them require, in common, that an initial voltage and/or current distribution is defined in the elements of Fig. 2 , after which the system is let to oscillate freely.
The following sections describe the different resonance triggers by means of experimental results. All measurements were done on a 6 × 4 SRM with a rated torque of 19.3 N · m and a base speed of 2140 r/min. The minimum and maximum static phase inductances are 13 and 80 mH, respectively. The motor phase windings were connected to an asymmetrical H-bridge converter, comprising Fairchild FCAS50SN60 smart power modules. The IGBTs in the power modules were controlled by the PWM generators of a Freescale MC56F8367 DSP evaluation board.
A. Resonance After Diode Recovery
If both IGBTs are switched off in a conducting motor phase, the phase current commutates to the freewheeling diodes and decreases. The current will become zero and will even change its sign, until recovery of the diodes takes place. After recovery, the phase voltage exhibits a strongly damped oscillating behavior as can be seen in Fig. 4(b) for both unaligned and aligned rotor position.
The initial conditions for the resonance are set at the end of the diode recovery, when each diode starts to behave as a parasitic capacitance C d ; the corresponding voltage distribution is shown in Fig. 5 . Initial electrostatic energy is present in the parasitic capacitance of each IGBT (E i = (1/2)C i V 2 dc ) and in the parasitic capacitance of the cable and phase winding
The small forward voltage drop over the diodes at the end of recovery is neglected here. In addition, an initial magnetostatic energy is stored in the phase inductor (E l = (1/2)L w I 2 RRC ), where I RRC is the reverserecovery current of the diodes.
The exchange of energy between the capacitive and inductive elements results in a resonance, which can clearly be observed in the phase voltage [see Fig. 4(b) ], as well as in the phase current [but on a much smaller scale, see the magnification in Fig. 4(c) ]. The resonances are damped due to eddy current and hysteresis loss in the magnetic core of the machine. The damping is stronger in the aligned rotor position, as the peak induction in the magnetic material is higher compared with the unaligned rotor position.
The difference in resonance between the aligned and unaligned rotor position can be used to obtain position informa- tion. In a very simple implementation, diagnostic pulses could be applied to an idle motor phase. One sample of the resonating phase voltage could be measured at a fixed time δ after the switch-on command for the IGBTs, as shown in Fig. 4(b) . By means of an (initially established) mapping between the measured voltage and the rotor position, the position could be retrieved. However, there are some important disturbance factors when using the recovery-triggered resonance for position estimation.
1) The recovery time of the diodes depends on the phase current di/dt prior to recovery [19] , [20] . The large saliency ratio of an SRM corresponds to a large difference in di/dt between the unaligned and aligned rotor position, see Fig. 4 (c). It can be seen from Fig. 4(b) that the unaligned resonance starts about 10 μs after the start of the aligned resonance. This results in an intersection between both resonances. In a worst case situation, the voltage sample is taken at the intersection, and it cannot be distinguished between unaligned or aligned position. Taking the sample before or after the intersection leads to a decreased voltage (and thus, position) resolution compared with the (ideal) case where recovery would not depend on the position. 2) The recovery time depends on the diode-junction temperature [19] , [20] and thus, on the load of the machine.
B. Resonance After IGBT Switch Off
A closer look at Fig. 4(b) reveals that the dv/dt of the phase voltage after switch off of both IGBTs (at t ≈ 42 μs) differs between the unaligned and aligned rotor position. The waveform of the phase voltage as it evolves from +V dc to −V dc is actually a resonance on its own, defined by the same parasitic capacitances and phase inductance as discussed in Section III-A. The difference is that at the time of IGBT switch off, a significant amount of magnetic energy (1/2)L w I 2 is stored in the phase inductance L w compared with the energy
RRC at diode recovery. For the undamped LC circuit of Fig. 6 , the influence of the initial magnetically stored energy on the voltage resonance is shown in Fig. 7 .
Suppose that this circuit has following initial conditions:
The voltage waveform that satisfies these initial conditions is
with
The characteristic impedance
is typically on the order of kiloohms. It can thus be seen that, for normal operating currents, the resonance will be mainly determined by the first term in (6) . Due to the initial current I 0 in the inductor, the resonating voltage waveform will overshoot the −V 0 voltage level, see Fig. 7 . For the motor-converter combination, this means that the freewheeling diodes take over as soon as this voltage level is trespassed, see Fig. 4 (b). The advantage of using the voltage resonance after IGBT switch off is that the switching actions under normal motor operation could be used to detect the rotor position. However, one has to take into account the following.
1) An extra degree of freedom, namely, the phase current, is involved in the mapping of the resonance waveform to a rotor position, 2) The current has to be known accurately at the moment of IGBT switch off. A small error in the measured current leads to a significant deviation of the estimated rotor position. The need for an accurate current measurement at the moment of switch off increases the hardware and software complexity, as most drives sample the phase current only halfway of the two switching instants in a PWM period.
C. Resonance Triggering by Short Voltage Pulses
In the previous section, the influence of the phase current on the voltage resonance was discussed. A logical conclusion would be to use an idle phase and reduce the amount of on time of the IGBTs in order to limit the buildup of current (and magnetic energy) in the phase-winding inductance [14] . Fig. 8 shows the measurements of the phase voltage for decreasing on times of the IGBTs. If the IGBTs are switched on for only a very short time (about 1.8 μs or smaller), the magnetic energy stored in the inductor becomes so small that the voltage resonance shows no overshoot at all, so that the freewheeling diodes do not conduct. The voltage shows a damped oscillation until all initially stored energy has been dissipated. A position-estimation method based on resonance triggering by means of short voltage pulses has several advantages.
1) The measured signal has the same order of magnitude as the dc busbar voltage. From Fig. 8(b) , it can be seen that the first part of the resonance triggered by a 1.8-μs pulse varies between approximately +100 and −100 V. Such a large-amplitude signal is less prone to disturbances compared with signals of small amplitude. 2) The resonance starts almost immediately after the application of a voltage pulse. Position information can therefore be retrieved within microseconds. This allows very fast updates of the position estimation, even up to 100 kHz. 3) During the resonance, the phase current exhibits the same resonance as the phase voltage, but with a very small amplitude, due to the large characteristic impedance (8) of the phase winding. From the magnification of the unaligned phase-current response in Fig. 4(c) , it can be seen that the peak current during the recovery-triggered resonance is on the order of milliamperes. In the case of resonance triggered by short voltage pulses, the current is even smaller. The disturbance torque generated by these currents is therefore negligible. 4) Due to the very small currents associated with the resonance, no additional sound is produced. 5) The resonance does not vary with junction temperature, as no diode recovery is involved. 6) The resonance does not vary with motor temperature.
The specific conductivity σ of electrical steel (which determines the eddy-current-induced damping of the resonance) is practically constant over a wide range of operating temperatures.
It is important to note that both IGBTs have to be switched on and off simultaneously. This ensures that the potential of point A in Fig. 2 is pulled up to the positive busbar potential and that the potential of point B is pulled down to the negative busbar potential. The initial phase voltage equals the busbar voltage V dc in this case.
If only the upper IGBT in the H-bridge is switched on, this would leave the potential of point B undefined, i.e., depending on secondary parasitic effects, such as the leakage currents of the power semiconductor devices and parasitic capacitances to earth or other parts of the circuit. The initial phase voltage would then not necessarily be equal to the busbar voltage V dc , resulting in a resonance with unpredictable amplitude.
IV. ROTOR-POSITION MAPPING
In the previous section, it has been shown that, by means of applying short voltage pulses, a position-dependent voltage resonance can be triggered. There are several possibilities to extract rotor-position information from the damped resonance. Probably, the simplest method involves a single measurement of the resonating voltage, at a fixed time after the application of the voltage pulse. Fig. 9 (b) shows an experimental result at standstill of phasevoltage resonances triggered by a 1.2-μs pulse, for the unaligned and aligned rotor position of phase C, respectively. The voltage test pulse is applied in phase C, while PWM current control is applied in the active phase A, as can be seen from Fig. 9(a) . Due to capacitive and inductive coupling between both phases, the switching actions in phase A induce a voltage in the idle phase C, as shown by the arrows in Fig. 9(b) . If a switching action occurs in the active phase at a time instant close to the measurement of the voltage resonance, the induced voltage would disturb the resonance, resulting in a positionestimation error. In order to prevent this situation, the timing of the test pulse is synchronized with the PWM in the active phase, in such a way that the part of the voltage resonance before the sampling instant lies in a period in which no switching actions occur.
If the resonances are measured at a fixed time t s 1 relative to the start of each pulse, each voltage sample can be mapped to the rotor position at which the sample was measured. As a consequence, the measured voltage samples form a position signature of the combination of the motor (phase C) and converter. Fig. 10 shows this signature for the chosen sample time t s as shown in Fig. 9(c) . This signature was obtained by manually rotating the SRM over 90
• mechanical. At successive steps of 1
• , the voltage at time t s was obtained with the cursor function of an oscilloscope on which the resonance was visualized.
V. SENSORLESS COMMUTATION
For applications that do not require high dynamics, it is sufficient to determine the appropriate rotor angles for phase commutation. This section describes a possible implementation for sensorless commutation by means of measuring voltage resonance.
Suppose that for a given rotation direction the motor must commutate according to the phase sequence C → B → A → C → . . .. If phase A is the active phase, voltage resonance can be triggered in the leading phase C, which is idle. The rotor angle at which phase A should commutate to phase C corresponds with a voltage in the position signature of phase C. In the SRM of the experimental setup, the active-phase commutation A → C should occur at a rotor angle of 56
• . Inspection of Fig. 10 shows that the corresponding voltage threshold is −10 V. Therefore, the commutation command is issued if the voltage-resonance sample crosses this threshold with a positive edge (the condition of a positive edge is required to exclude the 34
• angle, which also corresponds with the −10 V threshold). Fig. 11 shows the measurements of the resonance voltage in the subsequent idle phases as a function of rotor position during sensorless operation of the SRM. The SRM is slightly loaded by the friction torque of a permanent-magnet motor the shaft of which is coupled with the shaft of the SRM. The SRM is operated in current-control mode with a set point of 2.5 A, resulting in a speed of approximately 120 r/min. During the application of test pulses in consecutive phases of the machine (at 30
• intervals), a part of the position signature associated with each phase can be observed. For test phase C, the voltage samples in the position interval [26
• ] correspond to the samples of Fig. 10 in the same angular range.
From Fig. 11 , it is clear that the position signatures for the three phases are not identical. Possible reasons for this fact are geometrical motor asymmetry (for example an egg-shaped stator) or different gain factors in the voltage measurement and analog-to-digital conversion circuit. It is therefore preferable to define three different commutation voltages associated to the respective phases, as has been done in the experiment.
As can be seen from Fig. 10 , the position signature has a high sensitivity with respect to the rotor position in the region around the commutation angle (56 • ). The commutation error remains smaller than 1
• for all phases in a speed range between standstill and approximately 50% of the rated speed (N rated = 2140 r/min) of the SRM. At higher speeds, the induced electromotive force in the idle phase influences the position estimation. This effect can be compensated for, so that a larger speed range can be obtained. However, this is not further discussed in this paper.
The experimental results given in this section are valid for a machine under light load, which implies that no saturation of the magnetic paths occurs. The influence of saturation and cross-saturation between phases will be discussed in a future paper.
VI. CONCLUSION
This paper has proposed a position-estimation method for SRMs based on voltage resonance. The combination of a phase winding with the power-electronic converter defines a resonant circuit, comprising the motor phase inductance and parasitic capacitances of the phase winding, power-electronic switches, and power cable. The associated resonance frequency depends on the rotor position. Three methods of resonance triggering have been discussed: triggering by diode recovery, resonance triggering after IGBT switch off, and triggering by applying short voltage pulses. By means of measuring the resonance of the induced phase voltage, the rotor position can be retrieved within one electrical cycle of the motor. Experimental results were presented for a sensorless commutation scheme of a 6 × 4 SRM under small load.
It has been shown that the proposed position-estimation method has favorable characteristics such as the following: measurement of large-amplitude voltages, robustness against temperature deviations of motor and power semiconductors, very high update rates for the estimated position, and absence of disturbance torque.
